Introduction
Stroke remains a leading cause of adult disability, with most of the expanding stroke survivor population retaining devastating upper extremity (UE) motor deficits (Mayo 2002; Dobkin 2005) . Several promising UE rehabilitative therapies have been developed (Wolf et al. 2006; Page et al. 2007 Page et al. , 2008 ; Kimberley et al. 2004) , with most relying on physical practice administered with assistance of a therapist (Wolf et al. 2006; Page et al. 2007 Page et al. , 2008 and/or devices (Kimberley et al. 2004 ). However, complete clinical application of these regimens can be elusive due to diminishing therapist contact time, availability, and cost of needed equipment, and/or clients' UE motor impairment levels.
Mental practice (MP) constitutes a departure from the above rehabilitative regimens in that actions are cognitively rehearsed in the absence of voluntary physical movements. MP use elicits the same neural (Nyberg et al. 2006; Sharma et al. 2006 ) and vegetative (Decety et al. 1991; Fusi et al. 2005 ) responses elicited by physical practice, and Abstract Mental practice (MP) is a promising adjuvant to physical practice that involves many of the same mechanisms and takes on many of the same properties as physical practice. This study compared efficacy of a "massed" MP regimen versus a "distributed" MP regimen on upper extremity (UE) motor impairment and functional limitation. Twenty-seven chronic stroke survivors were administered the UE section of the Fugl-Meyer (FM) and Action Research Arm Test (ARAT), followed by standardized physical practice and MP regimens. One group was administered "massed" MP (60 min of MP during a single daily session) and a second group administered distributed MP (20 min of MP occurring three times/day). After intervention, changes in FM and ARAT scores of subjects in the distributed condition were significantly higher than those of subjects in the massed condition (FM 3.65, , p value = 0.01; ARAT 3.95, 95 % CI 1.24-6.67, p value = 0.006). Likewise, at POST 3, subjects in the distributed group showed significantly higher change in ARAT scores (ARAT 4.90, , p value = 0.03); the change in FM scores at POST 3 was 3.18 points higher among subjects in the distributed condition, but only approached significance (95 % CI −1.27 to 7.63, p value = 0.15). Results suggest that a distributed MP schedule is more efficacious in bringing about paretic mentally performed movements require similar amounts of time to carry out as physically performance of the same tasks, suggesting that Fitt's law is maintained during MP Jeannerod 1995, 1996) . Moreover, the addition of MP to physical practice in hemiparetic stroke survivors significantly increases paretic UE use (Page et al. 2005) , kinematics (Hewitt et al. 2007) , and function (Page et al. , 2001a Page 2000; Crosbie et al. 2004; Dijkerman et al. 2004) . Some results suggest that addition of MP does not increase post-stroke outcomes (Letswaart et al. 2011; Bovend'Eerdt et al. 2010) ; however, these studies were conducted in clinical environments, in which lesion sizes and locations, the amount and diversity of adjunctive treatments, and even initial impairment levels were not well controlled or not controlled at all.
Given the preponderance of neurophysiological and evidence supporting MP use, a remaining question is whether the distributed practice effect or "spacing effect"-which is well established to occur when physical practice is administered (Baddeley and Longman 1978) -is also exhibited during MP in stroke survivors. This type of distributed practice regimen increases the practice effect in non-lesioned humans and animals (Letswaart et al. 2011; Sisti et al. 2007) , due in part to neural processes such as neurogenesis in animal models (Bovend'Eerdt et al. 2010) , and increased opportunity for memory consolidation in humans (Nadel and Hardt 2011) . Additionally, a number of studies enrolling healthy individuals have reported that randomly practiced, distributed, mental practice of novel tasks significantly increases acquisition (Gabriele et al. 1989; Coelho et al. 2012) , and retention of such tasks (Sisti et al. 2007; Debarnot et al. 2015) . While MP appears promising for post-stroke survivors, to our knowledge, no study had compared the efficacy of random distributed versus blocked mental practice regimens in this expanding population.
To answer this question, the current study compared efficacy of a "massed" MP regimen versus a "distributed" MP regimen on 27 chronic stroke survivors' UE motor impairment and UE functional limitation. Specifically, a cohort of neurologically stable stroke survivors was administered standardized physical practice and MP regimens that were provided several days/week over a period of 10 weeks. While all aspects of these regimens (e.g., duration, frequency, and movements performed) were held constant, one group of subjects was administered a massed MP regimen (60 min of MP during a single daily session), while a second group was administered a distributed MP regimen (20 min of MP occurring three times/day), both during the ten-week intervention period. While the content and total amount of practice were identical between the groups, the central study hypothesis was that subjects administered MP that used a distributed practice format would exhibit larger score increases on the Action Research Arm Test (the primary outcome measure) at one week post-intervention (the primary endpoint). That said, in some trials enrolling healthy populations, the benefit of the spacing effect is more apparent in the weeks after training has concluded (e.g., Baddeley and Longman 1978) . Thus, our secondary hypothesis was that subjects in the distributed practice group would exhibit larger ARAT score increases at the 3-month post-intervention time point. To our knowledge, this was the first study examining the spacing effect in relation to MP in any neurorehabilitative diagnosis.
Materials and methods

Study design and subjects
This study was a secondary analysis of data collected during several MP efficacy trials approved by the local ethics board. A randomized, single-blinded, pre-post design had been used in each of the trials, in which subjects were tested once prior and twice subsequent to the intervention period, as detailed later in this manuscript. The tester was blinded to subjects' group assignments and the intervention in which they were enrolled.
Subjects had been recruited from local outpatient rehabilitation clinics and stroke support groups and met the following study criteria: inclusion criteria: (a) 10° of active flexion in the paretic wrist, as well as two digits in the more affected hand; (b) one stroke, experienced >3 months prior to study enrollment; (c) a score ≥24 on the Mini-Mental Status Examination; (d) age >18 < 75; and (e) discharged from all forms of physical rehabilitation. Exclusion criteria: (a) excessive spasticity in the paretic UE, defined as a score of ≥2 in the paretic elbow, wrist, or fingers as determined by the Modified Ashworth Spasticity Scale (Bohannon and Smith 1987) ; (b) pain in the paretic UE, as measured by a score ≥4 on a ten-point visual analog scale; (c) participating in any experimental rehabilitation or drug studies; (d) history of a parietal stroke (because some data suggest that ability to estimate manual motor performance through MP is disturbed after parietal lobe damage) (Sirigu et al. 1996) .
Instruments
Subjects had been screened using the aforementioned study criteria and had completed consent forms approved by the local ethics board. One week after screening and consenting, the following measures were administered, chosen due to their use in previous MP studies with the stroke population and their responsivity to motor changes in chronic stroke (Van der Lee et al. 2001 ): (a) To measure paretic UE motor impairment, the UE section of the Fugl-Meyer Scale (FM) (Fugl-Meyer et al. 1975 ) was administered. The FM is organized hierarchically, from having the subject attempt proximal UE movements (e.g., shoulder abduction and internal rotation) to distal UE movements (e.g., mass grasp and pincer grasp). Data arise from a three-point ordinal scale (0 = cannot perform; 2 = can perform fully) applied to each item, and the items are summed to provide a maximum score of 66. (b) To measure paretic UE limitation-our primary study outcome-we administered the Action Research Arm Test (ARAT) (Lyle 1981 ): a 19-item test divided into four categories (grasp, grip, pinch, and gross movement); 16 of the 19 ARAT items measuring distal regions of the arm (e.g., pinching a ball bearing or marble between the thumb and each finger of the affected hand). Each item is graded on a four-point ordinal scale (anchored by 0 = can perform no part of the test; 3 = performs test normally) for a total possible score of 57. Given the ARAT's focus on functional limitation and paretic UE dexterity-which was the focus of our intervention-the ARAT was identified as our primary outcome measure.
Randomization and intervention
Although enrolled in two separate trials, subjects in each trial reported in this analysis had been randomized to receive up to 60 min of mental practice as an adjunct to a ½-h standardized physical practice regimen. These combined, mental and physical practice sessions were provided 3 days/week, during a 10-week intervention period. Physical practice contents and duration (30 min/day)-as well as mental practice contents and duration (60 min/day as noted above), were held constant. However, subjects assigned to receive mental and physical practice in these trials were randomized to be administered MP that was provided in either (a) a "massed" (60 min of MP all at once) format (n = 13), or (b) a "distributed" MP format (MP administered in 20-min increments at three separate time points during the same day) (n = 14) in a 1:1 ratio. A computergenerated random numbers table was used to make group allocations.
The physical practice and MP interventions are described elsewhere in detail Page and Peters 2014) . The physical practice consisted of individualized, one on one training sessions with a therapist, occurring three times per week, for 10 weeks. The therapy sessions focused on performance of 3-5 common, bilateral and unilateral, UE activities that transferred positively to performance of other activities that stroke survivors often desire to relearn. Activities were graded according to subjects' abilities and progressed to be increasingly difficult during the 10-week regimen and, in some cases, during individual sessions to maximize challenge. Multimodal feedback (verbal, written) conveying knowledge of performance and knowledge of results was used during the therapy sessions, as well as asking subjects regularly to verbally rate self-efficacy and paretic UE use as additional forms of feedback and to instill client insight, as described elsewhere (Page et al. 2013) .
Directly after their physical practice sessions, subjects participated in the mental practice, either in massed or distributed formats. Individuals randomly assigned to the "massed" MP group were administered a MP audio recording lasting ≈60 min in a private room adjacent to the therapy area. Alternatively, subjects randomly assigned to the "distributed" MP group listened to a 20-min version of the MP recording in the adjacent private room, also occurring immediately after therapy. Additionally, subjects in the distributed practice group listened to the same 20-min recording two additional times during the same day, documenting their use in home diaries that were remitted to the study team during each therapy session.
Regardless of the group to which they were assigned, the audio recordings consisted of ≈5, opening minutes of relaxation, asking patients to imagine themselves in a warm, relaxing place (e.g., a beach), and asking them to contract and relax their muscles (i.e., progressive relaxation). This portion of the tapes was followed by suggestions for internal, cognitive polysensory (i.e., using both kinesthetic and visual cues) images (Paivio 1985) related to using the paretic arm in the UE task that had just been physically practiced during the preceding physical practice sessions. Restated, subjects participated in one, chosen UE functional task (and/or exercises to aid its execution) during a particular physical practice session and mentally rehearsed the same functional task during the ensuing mental practice session. The tape concluded with ≈5 min of refocusing into the room.
As with previous MP studies, subjects completed a diary directly after the MP session, in which they verified that they were mentally practicing, the contents of their mental practice sessions, and a scale in which they indicated the proficiency with which they experience mental practice (data from that work will be described in detail in a later paper). Subjects were also visually monitored using a camera system in the room in which they were mentally practicing, and had been told that this was to occur during the consenting process. This was designed both to assure that subjects participated and to provide an inducement to remain participative.
Posttesting
After 10 weeks, all subjects returned to the laboratory, where they were again administered all instruments by an examiner blinded to group assignment. The rater was blinded in that the rater did not know to which group subjects were assigned, or if they even received an intervention. Subjects returned to the same location 3 months later, at which time the same measures were re-administered by the same rater.
Statistical methods
Unadjusted mixed effects regression models, with repeated measures considered for time of assessment for each individual, were first used to test the treatment's effect on changes in FM and ARAT scores at pre-intervention (PRE), at post-intervention (POST), as well as at the 3-month postintervention visit (POST 3). Adjusted mixed effects regression models for each outcome included adjustment for PRE outcome levels and age. The Kenward-Roger adjustment to the degrees of freedom (Kenward and Roger 1997) was used to control type I error due to a relatively small number of individuals per treatment group. All p values and confidence intervals are presented at the nominal levels and are unadjusted for multiplicity.
Results
Subject demographics
Twenty-seven subjects had been randomized to one of the two treatment regimens [16 males; 23 Caucasian; 16 ischemic strokes; 22 strokes occurring affecting their right, dominant UEs; no pain reported by any subjects (i.e., pain rating = "0")]. The average age of subjects in the distributed MP condition was significantly higher than subjects in the massed MP condition [66.2 (SD 8.9) years versus 58.5 (SD 7.78) years; average difference 7.73; 95 % CI 1.07-14.39; independent group t test, assuming unequal variance p value = 0.02]. The average time since stroke for subjects in the distributed MP condition was 1041.5 (SD 999.8) days versus 1573.6 (SD 1628.7) days in the massed MP condition (average difference −532.1, 95 % CI −1613.7 to 549.5, p value = 0.32). All subjects had been discharged from all forms of rehabilitative therapy as they had been believed to be neurologically stable and had "plateaued" as ascertained by their therapy personnel. As given in Table 1 , the two groups were not statistically different at baseline in their pre-intervention FM and ARAT scores [baseline FM scores differed by 2.65 points (95 % CI −5.75, 11.05, p value = 0.52) between subjects in the distributed condition and subjects in massed conditions; baseline ARAT scores differed by 7.44 points (95 % CI −4.71, 19.59, p value = 0.220 between subjects in the distributed vs. massed conditions].
Behavioral outcomes
To investigate differences in score changes from PRE to either POST or POST 3 between the two groups, we included adjustment for PRE scores in the regression models. Models were further adjusted for age at study entry, given that groups differed significantly in age, as noted above. At POST (our primary endpoint), both the change in FM scores and the change in ARAT scores of subjects in the distributed condition were significantly higher than those of subjects in the massed condition (change in FM 3.65, 95 % CI 0.82-6.49, p value = 0.01; change in ARAT 3.95, 95 % CI 1.24-6.67, p value = 0.006). Likewise, at POST 3, subjects in the distributed group showed significantly higher change in ARAT scores (change in ARAT 4.90, 95 % CI 0.57-9.22, p value = 0.03); the change in FM scores at POST 3 was 3.18 points higher among subjects in the distributed condition, but only approached significance (95 % CI −1.27 to 7.63, p value = 0.15). Adjustment for age attenuated these results slightly toward zero; however, effects still remained strong and inference was not greatly altered.
Review of subject diaries revealed only six situations among three different subjects (two from the distributed condition and one from the massed condition) in which the MP regimen was not carried out as instructed. When queried, reasons for this included "lack of time" (n = 4) or "I forgot" (n = 2). 
Discussion
Mental practice (MP) is a promising adjunctive treatment for the growing population of individuals with post-stroke hemiparesis. Moreover, MP is easily administered, requires no specialized equipment or therapist training, and can be used in many clinical or home locations, which constitute advantages over many traditional UE rehabilitative approaches. To optimize MP use, and given that it appears to follow many of the same precepts as physical practice, this study compared the efficacy of massed and distributed MP regimens on paretic UE impairment and functional limitation. While the two groups were closely matched in their pre-intervention FM scores, subjects administered the distributed MP regimen exhibited significantly larger impairment reductions at POST (our primary endpoint). These changes were corroborated by similar trends on the ARAT-our primary outcome measure-that attained statistical significance at both POST and POST 3, with ARAT differences between the distributed and massed practice groups increasing at POST 3. Given these trends on the ARAT, our primary study hypothesis was confirmed. Overall, it appears that distributed mental practice is preferable to optimize motor outcomes in the poststroke population, as evidenced by the consistently larger magnitude of score changes among subjects administered this type of practice. When comparing Tables 1 and 2 , it might appear to the casual reader that the magnitude of ARAT change in the massed group is larger than that in the distributed group. However, the reader is reminded that Table 1 shows "raw" pre-intervention levels, whereas Table 2 shows adjusted scores. In fact, the massed group's mean ARAT score only increased by about one point between the pre-and post-intervention periods. This magnitude of ARAT score change in massed condition was decidedly less than that in the distributed condition.
There remain multiple (and sometimes competing) theories accounting for the distributed practice effect in healthy individuals (Cepeda et al. 2006) . However, measuring its full impact may sometimes be difficult in clinical populations like stroke, given that there are multiple concurrent events (e.g., therapies and medical events) and conditions that are not present in well-controlled psychological studies studying this phenomenon in healthy, relatively young individuals. For example, in the months after our intervention had concluded, subjects were still enrolled in the study, and several individuals randomized to the distributed condition experienced minor medical events (one fall without hospitalization; one urinary tract infection without hospitalization; two subjects with changes in medication regimens), some of which likely deleteriously affected their outcomes. We believe that the medical nature of this population and the relatively lower level of control that we were able to exert on events occurring in this population during the retention phase may account in part for not seeing uniform score increases during the retention period and, ultimately, our inability to confirm our secondary hypothesis. Additional studies with larger sample sizes may be able to mitigate this concern in the future.
In the current study, subjects participated in MP for either 20 min at a time three times/day (distributed condition), or in a 60-min block. It is worth noting that, from previous experiences incorporating MP using varied dosing schedules in research and clinical contexts, we have found that patients often become disinterested and/or fatigued when concentrating on MP recordings lasting >30 min. This phenomenon is somewhat unique to mental practice, since physical practice is inherently more participatory than mental practice in which one only simulates and imagines physical practice without physical attempts. Thus, a second mechanism responsible for the superiority of distributed MP in this study may be that participants found it easier to concentrate on and adhere to MP programs administered in smaller doses, as opposed to a single, massed dose lasting up to 60 min. While we administered diaries to assure compliance, future researchers may wish to co-administer qualitative measures or "exit interviews" that query subjects' impressions of different MP durations. In addition to measuring the spacing effect in larger samples of stroke survivors, future researchers may also wish to examine the neural effects associated with the spacing effect in the stroke population. For example, researchers could apply functional magnetic resonance imaging longitudinally during a distributed MP regimen to document cortical changes that co-occur over time with the provision of these versus massed MP treatments. Such information is expected to provide a biological mechanism for the data reported herein, and would likely inform the cost-effective, optimal formatting of such treatments in rehabilitative settings.
Conclusion
MP efficacy is enhanced when provided in a distributed format, as has been shown for decades with physical practice. While this effect was well established and well studied in relation to physical practice (Letswaart et al. 2011) , the impact of varying the scheduling of MP had not been extensively studied, despite the widely accepted promise of MP in neurorehabilitation. For example, our group (Overdorf et al. 2004 ) administered a standardized MP regimen following either a random or blocked practice schedule to 30 healthy college students, finding no difference between the conditions. Other MP studies have required subjects to alternate between mental and physical practice, simulating a distributed MP condition by interspersing its use with physical practice (for a review see Lotze and Halsband 2006) . The spacing effect has also been studied extensively in relation to recall of rote words and facts (Cepeda et al. 2006; Cermak et al. 1996) and has been positively related to physical skill learning and acquisition. To our knowledge, though, this is the first study comparing the efficacy of distributed versus massed mental practice in a neurologically impaired population. Since participants were not receiving any other interventions (physical or cognitive) at the time of their participation in this study, were many years post-stroke, and were neurologically stable, it is unlikely that our results were due to chance.
Since this was the first examination of the spacing effect in the stroke population, and given the promise of MP in people with neurological impairments, future researchers will want to replicate these findings, as well as examining a multitude of distributed strategies to discern which is the most efficacious for clinical use. Future researchers may also wish to examine how rate of motor skill acquisition is mediated by the two conditions. Indeed, a regimen rendering a higher motor skill acquisition rate may accelerate progress in therapies, enabling a more rapid discharge, or, at the very least, allow clinicians to choose to progress tasks or move to other skills to be practiced more quickly. However, the superiority of distributed MP in subacute rehabilitative contexts must first be demonstrated.
